. During a mean follow-up of 7.3 years, 20,708 subjects (0.26%) were diagnosed with AF. After multivariable adjustment, the risk of AF was significantly and positively correlated with MetS status (hazard ratios (HR) 1.391, 95% confidence interval (CI) 1.322-1.464 in Pre-MetS and HR 1.722, 95% CI 1.621-1.829 in MetS). When subgroup analyses were conducted according to MetS components, abdominal obesity (HR 1.316, p < 0.001), elevated blood pressure (HR 1.451, p < 0.001), and elevated fasting glucose (HR 1.163, p < 0.001) were associated with an increased risk of AF. Conclusion: MetS and pre-MetS are significantly associated with an increased risk of AF in Korean adults. Of the MetS components, abdominal obesity, elevated blood pressure, and elevated fasting glucose are potent risk factors for the risk of AF in this population.
Introduction
Atrial fibrillation (AF) is the most common cardiac arrhythmia and is independently associated with increased risks of mortality and morbidity [1] [2] [3] . Thus, identification of risk factors is important to help prevent AF and guide therapeutic decisions. Many clinical risk factors have been reported for the development of AF (e.g., increasing age, hypertension (HTN), diabetes mellitus, myocardial infarction, valvular heart disease, heart failure, obesity, obstructive sleep apnea, alcohol use, hyperthyroidism, and stress) [4] [5] [6] [7] [8] [9] .
Metabolic syndrome (MetS) is a cluster of metabolic risk factors including abdominal obesity, hypertension (HTN), hyperglycemia, and dyslipidemia; several definitions have been suggested using different criteria [10] [11] [12] . Previous studies have reported that MetS is associated with an increased risk of AF [13] [14] [15] [16] , however, these studies were conducted using: (i) western populations [14, 15] , (ii) body mass index (BMI) in place of waist circumference (WC) for abdominal obesity [13] , and (iii) populations of only middle-aged men [16] .
In this nationwide longitudinal cohort study, we used the Korean National Health Insurance Service (NHIS) database to assess the association between MetS status and incidence of AF among the general population.
Methods

Study Population
The NHIS provides mandatory health insurance for all South Korean citizens, covering nearly all forms of health care (e.g., health screening examinations for employed and self-employed insured individuals aged 20 years or older, all dependents aged 40 years or older) [17] . The NHIS database includes data on demographic characteristics, hospital admissions, outpatient department visits, pharmaceutical visits, and health screening examinations. Health screening examinations include information about health behavior obtained from a questionnaire, physical examinations, and blood tests. The Korean Industrial Safety and Health Law requires working individuals to participate in an annual or biennial health examination. All diagnoses are recorded in the NHIS database using the International Classification of Diseases-Tenth revision (ICD-10) codes.
The study population assessed here included individuals who underwent health screening examinations between January 12,009 and December 12,009 in South Korea. Among the 9,927,538 participants, 2,096,936 were excluded for varying reasons (i.e., <30 years old or ≥70 years old, history of cardiocerebral vascular disease, history of malignancy (ICD-10 codes C00.X-C99.X)). The specific cardiocerebral vascular diseases or variables included AF (ICD-10 codes I48), coronary artery disease (procedure codes M6551-4), myocardial infarction (ICD-10 codes I21), heart failure (ICD-10 codes I42 or I50), cerebrovascular accident (ICD-10 codes I60.X-I609.X), and peripheral arterial disease (ICD-10 codes I73 or I74), which were diagnosed at tertiary hospital except AF. AF was diagnosed when the diagnostic code of AF occurred form any hospitals. The final study population consisted of 7,830,602 men and women. These subjects were then divided into three groups according to their number of MetS components: 0 (Normal group), 1-2 (pre-MetS group), and 3-5 MetS group (3) (4) (5) . We analyzed follow-up data until December 31, 2016. Figure 1 presents a flow diagram of the study population. This study was approved by the Institutional Review Board of Konkuk University Medical Center. The requirement for informed consent was waived because data in the NHIS database are anonymized in adherence with strict confidentiality guidelines. 
Definition of Metabolic Syndrome
MetS was defined according to the modified criteria of the National Cholesterol Education Program (NCEP) Adult Treatment Panel III (ATP III) criteria-the most commonly agreed-upon criteria [18] . A diagnosis of MetS was made when at least three of five components are present: (1) abdominal obesity (WC ≥ 90 cm for men, ≥ 85 cm for women); (2) elevated BP (systolic BP ≥ 130 mmHg or diastolic BP ≥ 85 mmHg or treatment of previously diagnosed HTN); (3) elevated fasting glucose (≥100 mg/dL or treatment of previously diagnosed DM); (4) high triglyceride (TG) (≥150 mg/dL or drug treatment for high TG); and (5) low high-density lipoprotein cholesterol (HDL-C) (<40 mg/dL for men, <50 mg/dL for women or drug treatment for low HDL-C). Subjects with one or two MetS components were defined as pre-MetS, and those with no MetS components were defined as normal.
Definition of Primary Outcome
The primary outcome of this analysis was the incidence of AF during follow-up. We defined an AF event using newly occurrence of the ICD-10 codes for AF (I48) and the prescription of an antiplatelet or anticoagulant regardless of admission or outpatient department visit.
Statistical Analyses
Follow up was initiated at the date of health screening examination and ended at the incidence of AF, or 31 December 2016, whichever came first. The following were considered covariates: age (categorical variable; 10 years), sex, smoking status (categorical variable; non-, ex-, or current smoker), alcohol consumption (categorical variable; no drink, 2-3 per month, 1-4 per week, or ≥5 per week), exercise (categorical variable; no, 1-4, or ≥5 per week), family history of HTN, DM, stroke, or heart disease, BMI (continuous variable), hemoglobin (continuous variable), creatinine (continuous variable), total cholesterol (continuous variable), low-density lipoprotein cholesterol (continuous variable), and alanine aminotransferase (continuous variable).
Baseline variables according to MetS status were compared using a chi-square test. Incidence rates (per 100,000 person-years) of AF by sex, age group, and MetS status were compared using a chisquare test. 
Definition of Metabolic Syndrome
Definition of Primary Outcome
Statistical Analyses
Baseline variables according to MetS status were compared using a chi-square test. Incidence rates (per 100,000 person-years) of AF by sex, age group, and MetS status were compared using a chi-square test.
Cox proportional hazard models were used to estimate hazard ratios (HR) and 95% confidence intervals (CI) for the incidence of AF during follow-up by MetS status. The censoring date was the earliest of the following: date of death, date of the primary outcome, or end date of the study period (31 December 2016). The models were initially unadjusted. Further adjustments were made for sex, age, smoking status, and exercise status (Model 1). Model 2 was adjusted as Model 1, and also for family history of HTN, stroke, heart disease, and DM. Model 3 was adjusted as Model 2 and also for BMI, hemoglobin, creatinine, total cholesterol, low-density lipoprotein cholesterol, and alanine aminotransferase.
Statistical significance was defined as a 2-sided p-value < 0.05. All analyses were conducted using SAS software (version 9.1; SAS Institute Inc., Cary, NC, USA).
Results
Baseline Characteristics
A total of 7,830,602 subjects were included in the cohort analysis. At baseline, prevalence of MetS was 1251, 138 (15.9%), and pre-MetS was present in 3,972,572 subjects (50.7%). Table 1 reveals baseline characteristics by MetS status. The prevalence of MetS significantly increased by increasing age groups. In those patients between 60 and 69, the prevalence of MetS was 25.2%. Males had an increased prevalence of pre-MetS and Mets compared with females. Additionally, the prevalence of MetS was significantly associated with the following variables: ex-or current smoker; higher alcohol intake; and family history of HTN, DM, stroke, or heart disease. 
Association between MetS Status and AF Risk
During the total follow-up period of 57,000,000 person-years, AF occurred in 20,708 subjects (0.26%). The incidence of AF according to MetS status was as follows: 3025 (0.12%) in the normal group, 11,070 (0.28%) in the pre-MetS group, and 6613 (0.53%) in the MetS group. Table 2 presents the incidence rates (per 100,000 person-years) of AF according to sex, age group, and MetS status. Although overall AF incidence rates were 36.41 per 100,000 person-years), AF incidence rates significantly increased according to MetS status in both sexes and in all age groups (Figure 2) . Data are reported as number (%). DM, diabetes mellitus; HTN, hypertension; MetS, metabolic syndrome.
During the total follow-up period of 57,000,000 person-years, AF occurred in 20,708 subjects (0.26%). The incidence of AF according to MetS status was as follows: 3025 (0.12%) in the normal group, 11,070 (0.28%) in the pre-MetS group, and 6613 (0.53%) in the MetS group. Table 2 presents the incidence rates (per 100,000 person-years) of AF according to sex, age group, and MetS status. Although overall AF incidence rates were 36.41 per 100,000 person-years), AF incidence rates significantly increased according to MetS status in both sexes and in all age groups (Figure 2) . 
Impact of MetS Status and Components on the Risk of AF
Multivariable Cox regression analysis was performed to evaluate the association between MetS status and risk of AF (Table 3 ). The non-adjusted HRs for AF in subjects with pre-MetS and MetS were 2.43 (95% CI 2.313-2.554), and 4.616 (4.379-4.866), respectively. After multivariable adjustment (model 3), the risk of AF was significantly higher in subjects with pre-MetS (HR 1.391, 95% CI 1.322-1.464) and MetS (HR 1.722, 95% CI 1.621-1.829). A multivariable analysis revealed that males, older age groups, and those with a family history of HTN, stroke, or heart disease were significant predictors for the incidence of AF. 
Multivariable Cox regression analysis was performed to evaluate the association between MetS status and risk of AF (Table 3 ). The non-adjusted HRs for AF in subjects with pre-MetS and MetS were 2.43 (95% CI 2.313-2.554), and 4.616 (4.379-4.866), respectively. After multivariable adjustment (model 3), the risk of AF was significantly higher in subjects with pre-MetS (HR 1.391, 95% CI 1.322-1.464) and MetS (HR 1.722, 95% CI 1.621-1.829). A multivariable analysis revealed that males, older age groups, and those with a family history of HTN, stroke, or heart disease were significant predictors for the incidence of AF.
Among the components of MetS, abdominal obesity (HR 1.316, 95% CI 1.256-1.379), elevated BP (HR 1.451, 95% CI 1.4-1.505), and elevated fasting glucose (HR 1.163, 95% CI 1.123-1.205) were associated with an increased risk of AF in multivariable adjusted analysis including BMI (Table 4) . * Multivariable adjusted HR = adjusted for sex, age, smoking status, exercise, family history of hypertension, stroke, diabetes mellitus, and heart disease, body mass index, hemoglobin, creatinine, total cholesterol, low-density lipoprotein cholesterol, and alanine aminotransferase, and other metabolic components. ALT, alanine aminotransferase; CI, confidence intervals; DM, diabetes mellitus; HR, hazard ratio; HTN, hypertension; LDL, low-density lipoprotein; MetS, metabolic syndrome. * Multivariable adjusted HR = adjusted for sex, age, smoking status, exercise, family history of hypertension, stroke, diabetes mellitus, and heart disease, body mass index, hemoglobin, creatinine, total cholesterol, low-density lipoprotein cholesterol, and alanine aminotransferase, and other metabolic components. CI, confidence intervals; HDL, high-density lipoprotein; HR, hazard ratio.
Discussion
The present study demonstrated that pre-MetS and MetS status significantly impacted the risk of AF among the general Korean population. During a mean follow-up of 7.3 years, subjects with pre-MetS had a 39.1% increased risk, while those with MetS had a 72.2% increased risk of new-onset AF. Among the components of MetS, abdominal obesity, elevated BP, and elevated fasting glucose were significant predictors for the development of new-onset AF.
Comparison to Previous Studies
In this study, the prevalence of MetS was 15.9%, lower than previous reports (31.3%) among participants in the Korean National Health and Nutrition Examination Surveys for 2007 [19] . This difference could be explained when considering that this study excluded subjects with a history of cardiocerebral vascular disease or malignancy and those ≥70 years old.
Previous studies have revealed a significant association between MetS and risk of AF, namely that subjects with MetS have an HR of 1.15-2.03 compared to those without MetS [13] [14] [15] [16] 20] . Of these studies, two were performed in Asian populations. A Japanese prospective, community-based, observational cohort study (The Niigata Preventive Medicine Study) reported that MetS, defined as the criteria of NCEP-ATP III, was associated with an increased risk of AF (age and sex-adjusted HR 1.88) [13] . The second study, in middle-aged Korean men, also revealed an association of MetS-defined using the International Diabetes Federation-had an increased risk of AF (multivariable-adjusted HR 1.57) [16] . Although all studies suggest that MetS is a risk factor for AF, previous studies adjusted for a limited number of variables; the study presented here considered more variables and included an adjusted analysis for a nationwide population. Thus, our results may serve to better describe the association between MetS and risk of AF compared to previous studies.
In the present study, abdominal obesity, elevated BP, and elevated fasting glucose were significantly associated with the incidence of AF, however, the influence of dyslipidemia components were low. In particular, abdominal obesity was associated with an increased risk (multivariable HR 1.316) of AF despite adjusting for BMI. Our results are consistent with those of previous studies using NHIS revealing that prehypertension, impaired fasting glucose, and abdominal obesity are important risk factors of AF [21, 22] .
MetS and AF
MetS and individual MetS components have been known to be risk factors for the incidence or recurrence of AF. Although the actual mechanisms of the relationship between MetS and AF remain unclear, several mechanisms have been proposed to explain the association between MetS and AF. Obesity, a primary component of MetS, was directly correlated with left atrial size [23, 24] and increased left atrial size is an important precursor of left atrial remodeling, which is a critical component of AF development [25] [26] [27] [28] . In addition, oxidative stress [29] , chronic inflammation [29] [30] [31] , neurohormonal activation [32] , and obstructive sleep apnea may contribute to the development of AF [6] .
Insulin resistance has been suggested as the fundamental pathophysiology responsible for MetS [29] . Insulin resistance may contribute to atrial electro-structural remodeling in the following ways: (i) worsening diastolic function and increasing atrial size [33] ; (ii) endothelial dysfunction [34] ; (iii) activation of many proinflammatory transcription factors and the generation of reactive oxygen species [35, 36] ; (iv) overactivation of the sympathetic nervous system [37] ; and (v) upregulation of angiotensin II receptor expression [38] .
Clinical Implications
Our study supports the notion that MetS and pre-MetS are significantly associated with new-onset AF in relatively healthy populations without cardiocerebral vascular disease. Two-thirds of the subjects in this cohort were defined as having MetS or pre-MetS and thus are considered at risk for experiencing AF. Among MetS components, abdominal obesity, elevated BP, and elevated fasting glucose have been revealed to significantly influence the incidence of AF. Importantly, these MetS components are potentially modifiable risk factors because previous studies have reported that obesity, high BMI or abdominal circumference, cause a host of metabolic and cardiovascular diseases (e.g., AF and diabetes) [39, 40] . Therefore, for those with MetS and pre-MetS, tight control of abdominal obesity, blood pressure, and fasting glucose may be the crucial first step in preventing AF [21] . As such, aggressive management of risk factors and long-term sustained weight loss are associated with significant reductions of AF burden or recurrence [41, 42] . Regular exercise, dietary salt restriction, consumption of high-protein and low glycemic index meals, calorie-controlled foods, and cessation of smoking and alcohol are mandatory for AF prophylaxis in subjects with MetS and pre-MetS. Moreover, randomized controlled trials for the effectiveness of MetS components control and AF incidence are warranted in the future.
Limitations
The present study had several limitations. First, it was a retrospective cohort study and thus associated with the inherent limitations of this type of analysis. Second, our study excluded subjects with cardiocerebral vascular disease, and we revealed an association between MetS status and AF risk in relatively healthy populations. Thus, we cannot generalize our results to high-risk populations. Third, we were unable to adjust for echocardiographic data which was not included in national health check-up. Left atrial size is strongly associated with risk of AF, and the effect of MetS might be eliminated once the left atrial sized is taken into account. Finally, the AF diagnosis was based on the newly developed AF code (I48) defined by the ICD-10 and the prescription of antiplatelet or anticoagulant during follow-up. Patients with the AF code, but without prescription of antiplatelet or anticoagulant, AF patients without AF code, and some asymptomatic AF patients, especially paroxysmal AF, may have been undetected in this analysis. Therefore, the diagnosis of new-onset AF may have been underestimated. However, our study had strengths in that it was a nationwide study with a large sample size and long-term follow-up periods. Thus, our results may be an important representation of the association of MetS and risk of AF among the general Korean population.
Conclusions
This nationwide longitudinal cohort demonstrated that pre-MetS and MetS were significantly associated with an increased risk of AF among the general Korean population. Of the MetS components, abdominal obesity, elevated BP, and elevated fasting glucose were significant predictors for the development of AF.
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